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(RTK) on the basolateral surfaces of the vulval precursor
cells. Activation of LET-23 RTK causes the cells to prolif-
erate and differentiate into vulval cells. Loss-of-functionSummary
let-23 mutations prevent vulval induction, resulting in a
vulvaless phenotype in which all of the vulval precursorIn C. elegans, the LET-23 receptor tyrosine kinase is
cells express a nonvulval fate instead of vulval fates.localized to the basolateral membranes of polarized
In C. elegans, genes involved in targeting LET-23 RTKvulval epithelial cells. lin-2, lin-7, and lin-10 are re-
to the basolateral membrane domain can be identified inquired for basolateral localization of LET-23, since
genetic screens for vulvaless mutants. Vulval signalingLET-23 is mislocalized to the apical membrane in lin-2,
requires basolateral expression of LET-23 RTK, as cellslin-7, and lin-10 mutants. Yeast two-hybrid, in vitro
that lack LET-23 RTK in the basolateral membrane do-binding, and in vivo coimmunoprecipitation experi-
main presumably cannot respond to LIN-3 EGF in thements show that LIN-2, LIN-7, and LIN-10 form a pro-
basal extracellular space. Mutations in lin-2, lin-7, andtein complex. Furthermore, compensatory mutations
lin-10 were initially isolated because they decrease vul-in lin-7 and let-23 exhibit allele-specific suppression
val signaling and cause a vulvaless phenotype (Fergu-of apical mislocalization and signaling-defective phe-
son and Horvitz, 1985). Subsequently, these mutationsnotypes. These results present a mechanism for baso-
were shown to result in apical mislocalization of LET-lateral localization of LET-23 receptor tyrosine kinase
23 RTK (Simske et al., 1996, and C. W. W., unpublishedby direct binding to the LIN-2/LIN-7/LIN-10 complex.
data).Each of the binding interactions within this complex
LIN-7, LIN-2, and LIN-10 each contain protein do-is conserved, suggesting that this complex may also
mains that may mediate interactions with other pro-mediate basolateral localization in mammals.
teins. LIN-7 contains a single PDZ domain (Simske et
al., 1996), and PDZ domains are known to mediate pro-Introduction
tein±protein interactions with C-terminal tails of trans-
membrane proteins as well as with other PDZ domainsThe establishment and maintenance of epithelial cell
(reviewed in Kim, 1997). LIN-2 contains a CaM kinasepolarity is crucial for polarized cell functions such as
domain, a calmodulin-binding domain, a PDZ domain,specific signaling to the basolateral sides of epithelial
an SH3 domain, and a guanylate kinase domain (Hoskinscells (reviewed in Rodriguez and Nelson, 1989; Rodri-
et al., 1996). LIN-2 is highly similar to mammalian Lin2/
guez and Powell, 1992). Polarized epithelial cells are
CASK (52% identical overall) (Hata et al., 1996; Cohen
separated into apical and basolateral membrane do-
et al., 1998). Lin2/CASK is expressed in epithelia and
mains that contain different subsets of transmembrane
neurons and has been shown tobind to neurexin, synde-
proteins, causing these domains to be biochemically
can, and protein 4.1 (Hata et al., 1996; Cohen et al.,
and functionally distinct. The tight junctions maintain
1998; Hsueh et al., 1998). LIN-2 is related to a family
cell polarity by preventing lateral diffusion of lipids and
of proteins called membrane-associated guanylate ki-
transmembrane proteins from one membrane compart- nases (MAGUKs) that include discs-large (DlgA) and
ment to the other. The tight junctions also separate the
PSD-95 (reviewed in Kim, 1997). In mammals, DlgA binds
apical and basolateral extracellular environments by
the cytoplasmic tail of the Shaker-type K1 channel (Mar-
creating a tight seal between epithelial cells (reviewed
fatia et al., 1996); in Drosophila, dlg mutations prevent
in Rodriguez and Nelson, 1989). synaptic localization of the Shaker channel (Tejedor et
Transmembrane proteins are targeted to the basolat- al., 1997; Zito et al., 1997). PSD-95 binds the NMDA
eral membrane domain via cis-acting signals present in glutamate receptor and the Shaker-type K1 channel,
their cytoplasmic tails (Hunziker et al., 1991). Several and ithas been proposed that PSD-95 functions to either
different basolateral signalshave been identified for pro- localize these receptors to the synapse or to cluster
teins such as LDL receptor, polyimmunoglobulin recep- them within the synapse (reviewed in Sheng, 1996).
tor, and epidermal growth factor receptor (EGFR) (Ho- Thus, three MAGUKs (LIN-2, DlgA, and PSD-95) may
bert and Carlin, 1995, and reviewed in Mellman, 1995). each function in receptor localization; specifically, LIN-2
However, little is known about the trans-acting proteins localizes an RTK to the basolateral membrane domain
that bind to the transmembrane protein and mediate of epithelia,and Dlg and possibly PSD-95 localize neuro-
basolateral targeting. transmitter receptors at neuronal synapses.
LET-23 is the homolog of the EGFR in C. elegans, and LIN-10 contains twoPDZ domains and a phosphotyro-
it is preferentially localized to the basolateral mem- sine-binding domain (PTB) (C. W. W., unpublished data).
branes of the six vulval precursor cells (P3.p to P8.p), LIN-10 is similar to three mammalian proteins called
Mint1/X11a, Mint2/X11b, and Mint3/X11g (for Munc18-
interacting proteins) (Duclos et al., 1993; Okamoto and*To whom correspondence should be addressed.
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Sudhof, 1997). Mint/X11 proteins were identified as pro- We found that LET-23 staining is in the apical plasma
membrane in let-23(sy1) mutants, similar to the stainingteins that bind to the Munc18/syntaxin complex, which
is involved in synaptic vesicle fusion (Okamoto and Sud- pattern observed in lin-7(null) mutants (Figure 1A). In
contrast, LET-23 staining is observed in the basolateralhof, 1997).
In this report, we begin to elucidate the biochemical plasma membrane in wild-type animals. This result indi-
cates that the last six amino acids of LET-23are requiredmechanism for basolateral localization of LET-23 RTK
by LIN-2, LIN-7, and LIN-10. We demonstrate that LIN-7 for basolateral membrane localization. Thus, the C ter-
minus of LET-23 may be involved in a common mecha-binds to LET-23 RTK in vivo and show that this binding
is required for LET-23 basolateral localization and for nism for basolateral membrane localization along with
LIN-2, LIN-7, and LIN-10.vulval induction. We also demonstrate that LIN-2 and
LIN-10 form a protein complex with LIN-7, indicating
that all three proteins play a direct role in basolateral
The PDZ Domain of LIN-7 Binds to thelocalization of LET-23 RTK. In addition, we have identi-
C Terminus of LET-23 RTKfied mammalian LIN-7 homologs (mLin7A, -B, and -C)
Previous results showed that LIN-7 binds to LET-23 RTKand show that the binding interactions between mam-
in vitro, suggesting that LIN-7 plays a direct role in baso-malian Lin2/CASK and mLin7A are conserved. Results
lateral localization of LET-23 RTK (Simske et al., 1996).from others reveal that mammalian Lin2/CASK binds
In order to characterize the regions of these proteinsto mammalian Lin10/Mint/X11, demonstrating that the
that interact, we first defined the region of LIN-7 thatLin2/Lin7/Lin10 ternary complex is conserved in mam-
binds to LET-23 by fusing various regions of LIN-7 tomals (J.-P. Borg, personal communication; Butz et al.,
GST and testing them for binding to LET-23 in vitro.1998 [this issue of Cell]). These results provide a mecha-
Each GST:LIN-7 fusion protein, bound to glutathione-nism for basolateral localization of the LET-23 RTK in
agarose beads, was combined with an Sf9 cell lysateC. elegans vulval epithelia and indicate that a similar
containing full-length LET-23 expressed from a baculo-mechanism may be involved in basolateral localization
virus vector. After washing and eluting the proteins fromof other transmembrane proteins in polarized epithelial
the beads, LET-23 was detected by Western blottingcells of all animals.
using anti-LET-23 antibodies. We observed that a fusion
protein containing only the PDZ domain of LIN-7 (amino
acids 192±295) bound to LET-23. LET-23 bound to LIN-7Results
specifically, as it did not bind to the negative control
GST:LIN-31 (Figure 1C).The C Terminus of LET-23 RTK Is Required
for Basolateral Membrane Localization Type I PDZ domains (such as the LIN-7 PDZ domain)
bind to type I consensus motifs (S/T-X-I/L/V) at the CThe following genetic observations involving a unique
let-23 allele, (sy1), suggest that the C terminus of LET-23 terminus of proteins (Songyang et al., 1997). The C termi-
nus of LET-23 contains a type I PDZ-binding motifis necessary for basolateral localization. This mutation
generates a premature stop codon that removes the last (T-C-L), and we tested whether this C terminus binds
to LIN-7 in vitro. We purified bacterially expressed hexa-six amino acids of LET-23 (Aroian et al., 1994) and results
in a phenotype that closely resembles that of lin-2, lin-7, histidine (6His) fusion proteins that contained either the
C-terminal 196 or 50 amino acids of LET-23. Each LET-and lin-10 mutants. First, let-23(sy1) and loss-of-func-
tion mutations in lin-2, lin-7, and lin-10 appear to affect 23 fusion protein was mixed with the LIN-7 PDZ domain
(as a GST fusion protein bound to glutathione-agarosethe activity of LET-23 RTK only in the vulval precursor
cells, since they display a vulvaless phenotype but do beads), and levels of bound LET-23 were determined
by Western blotting with anti-LET-23 antibodies. Thesenot display phenotypes associated with defective LET-
23 signaling in other cells (Aroian and Sternberg, 1991). experiments showed that both LET-23 C termini fusion
proteins bound LIN-7 (Figures 1D and 1E). This proteinIn contrast, strong let-23 reduction-of-function muta-
tions cause lethality and disrupt several other develop- interaction is specific, as neither LET-23 fusion protein
bound the negative control GST:LIN-31.mental processes (such as formation of the vulva, the
posterior ectoderm, the male tail, and oocyte fertiliza- This type I PDZ domain±binding site in LET-23 is im-
portant for basolateral receptor localization, since thetion) (Aroian and Sternberg, 1991). Second, let-23(sy1),
lin-2, lin-7, and lin-10 mutants display an incompletely PDZ-binding motif is deleted and LET-23 is mislocalized
in let-23(sy1) animals. To directly test whether thesepenetrant vulvaless phenotype (86%±95% of homozy-
gous animals are vulvaless), whereas strong let-23 re- amino acids of LET-23 are required for binding to LIN-7,
we mixed either a wild-type LET-23 C terminus (aminoduction-of-function mutations result in a completely
penetrant vulvaless phenotype (Ferguson and Horvitz, acids 1127±1323) or a C terminus lacking the last six
amino acids (amino acids 1127±1317) with the PDZ do-1985; Aroian and Sternberg, 1991). One possibility is
that the phenotype of let-23(sy1) animals is similar to main of LIN-7 (expressed as a GST fusion protein and
bound to glutathione-agarose beads). Levels of LET-23that of lin-2, lin-7, and lin-10 mutants because let-23(sy1)
prevents localization of LET-23 to the basolateral mem- bound to GST:LIN-7 PDZ domain were determined by
Western blotting using anti-LET-23 antibodies. Thesebrane domain.
To test this possibility, we analyzed the membrane results demonstrate that the LIN-7 PDZ domain binds
to wild-type LET-23 but does not bind to the truncatedlocalization of LET-23 in let-23(sy1) animals using anti-
LET-23 antibodies in immunocytochemical experiments form, indicating that the last six amino acids of LET-23
are required for binding (Figure 1E). In summary, theto stain wild-type, let-23(sy1), and lin-7(null) animals.
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Figure 1. The C Terminus of LET-23 RTK Is Required for Basolateral Membrane Localization and for Binding to LIN-7
(A) LET-23 is mislocalized to the apical membrane in the vulval precursor cells in let-23(sy1) mutants. Immunocytochemical staining of LET-
23 in L2 hermaphrodites in wild-type animals (top), lin-7(e1449) mutants (middle), and let-23(sy1) mutants (bottom). LET-23 staining is shown
in green, and staining for the cell junctions using the monoclonal antibody MH27 is shown in red. Anterior is to the left, and ventral is down
in all figures. Scale bar 5 10 mm.
(B) Protein structures of LET-23, LIN-7, LIN-2, and LIN-10. Transmembrane domain (TM), tyrosine kinase (Y-kinase), CaM kinase, PDZ, SH3,
GuK, and PTB domains are shown. The positions of the first and last amino acid of protein domains are indicated. LET-23(type I), LET-23(sy1),
and LET-23(type II) C-terminal sequences are shown.
(C±E) LET-23 was detected by Western blotting using anti-LET-23 antibodies (top), and GST fusion proteins were detected using anti-GST
antibodies (bottom). The amino acids present in the fusion proteins are shown in parentheses. Ten percent of total LET-23 used in binding
experiments are shown in the first lanes. (C) The LIN-7 PDZ domain binds LET-23 in vitro. GST:LIN-7 or GST:LIN-31 fusion proteins were
incubated with LET-23 in cell lysates from Sf9 cells. (D) The C terminus of LET-23 binds to the LIN-7 PDZ domain in vitro. GST:LIN-7 PDZ
domain or GST:LIN-31 fusion proteins were incubated with a purified 6His fusion protein that contains the last 50 amino acids of LET-23. (E)
The LIN-7 PDZ domain does not bind to LET-23(sy1) in vitro. GST:LIN-7 PDZ domain fusion proteins were incubated with 6His fusion proteins
containing the C-terminal 196 amino acids from type I LET-23 or with a similar region of LET-23(sy1).
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Figure 2. Compensatory Mutations in LET-23 RTK and LIN-7 Show Allele-Specific Suppression of Basolateral Receptor Mislocalization and
Vulval Induction Phenotypes
(A) Diagram of the predicted interactions between the type I PDZ domain of LIN-7 and a bound peptide, showing interaction between histidine
(corresponding to amino acid 259 of LIN-7) of the aB helix of the PDZ domain and threonine in the 22 position of the bound peptide
(diagrammed after Doyle et al., 1996).
(B) Allele-specific binding between LIN-7 and LET-23 in vitro. Purified type I and type II 6His:LET-23 fusion proteins were incubated with type
I and type II GST:LIN-7 PDZ fusion proteins. LET-23 was detected by immunoblotting with anti-LET-23 antibodies (top), and GST fusion
proteins were detected with anti-GST antibodies (bottom). Ten percent of total LET-23 used in binding experiments is shown in the first two
lanes.
(C) Allele-specific suppression of apical mislocalization phenotype. Lateral view of L2 hermaphrodites that coexpresses either type II lin-7
with type II let-23 (top), type I lin-7 with type II let-23 (middle), or type II lin-7 with type I let-23 (bottom). LET-23 staining is shown in green,
and MH27 staining of the cell junctions is shown in red. Scale bar 5 10 mm.
(D) Allele-specific suppression of the vulvaless phenotype. Shown are the percent of egg-laying animals (1/2 95% confidence interval)
expressing the pairwise combinations of type I or type II lin-7 with type I or type II let-23. Data are from two independent type II lin-7
extrachromosomal arrays (lines 1 and 2), a single type I lin-7 extrachromosomal array, two independent type II let-23 arrays (array 1 and array
2), and endogenous type I let-23. The type II lin-7 with type II let-23 and type I lin-7 with type II let-23 transgene combinations were expressed
in lin-7(e1449) let-23(sy1); unc-29(e1072) mutants. The type I and type II lin-7 transgenes were expressed with type I let-23 in lin-7(e1449),
let-23(1)/let-23(sy1) heterozygotes. lin-7 activity is not required in animals expressing high levels of let-23 expression (Simske et al., 1996),
so we used low-copy type II let-23 extrachromosomal arrays that presumably express let-23 at low levels. n, number of animals scored.
above results show that binding between LIN-7 and the cells. If these compensatory mutations restore LIN-7
and LET-23 binding in vivo and if this binding is function-C terminus of LET-23 in vitro correlates with LET-23
basolateral membrane localization in vivo. ally important for receptor localization, then these muta-
tions should restore basolateral receptor localization
and vulval induction.Interactions between Compensatory Mutations
in let-23 RTK and lin-7 We deduced an amino acid substitution in LIN-7 that
could compensate for a change in LET-23 based on theWe took a genetic approach to demonstrate conclu-
sively that LIN-7 binds to LET-23 RTK in vulval precursor cocrystal structure of a type I PDZ domain bound to a
peptide ligand (Cabral et al., 1996; Doyle et al., 1996).cells and that this binding is functionally required for
basolateral receptor localization and vulval induction. This study revealed that a particular contact between
the first residue of the aB helix in the PDZ domain (corre-First, we altered the C terminus of LET-23 so that it
could not bind to LIN-7 and could not localize to the sponding to position 259 in LIN-7) and an amino acid
in the 22 position of the peptide may regulate PDZbasolateral membrane domain of vulval precursor cells.
We then made a compensatory change in LIN-7 that binding specificity (Figure 2A). PDZ domains have been
categorized into at least two different types based onrestores its ability to bind LET-23 in the vulval precursor
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results show that the type II amino acid substitutions in
LIN-7 and LET-23 compensate for each other and permit
allele-specific binding in vitro.
Next, if binding of LET-23 to LIN-7 is functionally im-
portant for basolateral localization, then LIN-7 of one
type should direct LET-23 of the same type to the baso-
lateral membrane (type I with type I or type II with type
II), but not LET-23 of a different type (type I with type II
or type II with type I). We generated transgenic animals
that express all pairwise combinations of type I and type
II LET-23 RTK and type I and type II LIN-7 and stained
them with anti-LET-23 antibodies to determine whether
LET-23 was present on the basolateral membrane do-
Figure 3. LIN-2, LIN-7, and LIN-10 Interactions in the Yeast Two- main. Animals that coexpress the same types of LIN-7
Hybrid System and LET-23 (type I LIN-7 with type I LET-23 or type II
LIN-7 (nearly full-length), LET-23 (the intracellular domain), LIN-2 LIN-7 with type II LET-23) show basolateral expression
(three different fragments), and LIN-10 (full-length or an N-terminal of LET-23RTK (Figure2C and data not shown). However,
fragment) were expressed as fusion proteins with either the GAL4
animals that coexpress different types of LIN-7 and LET-DNA-binding domain or the GAL4 transcriptional activation domain
23 (type I LIN-7 with type II LET-23 or type II LIN-7in the yeast two-hybrid system as indicated. Amino acids present
with type I LET-23) showed apical distribution of LET-in the fusion protein are shown in parentheses. Pluses or minuses
refer to expression of the two reporter genes lacZ and HIS3, indicat- 23 (Figure 2C).
ing protein±protein interaction. NLS:LIN-7 refers to LIN-7 fused with Finally, if LIN-7 binding to LET-23 RTK is functionally
the SV40 nuclear localization signal. SNF-1 is an S. cerevisiae protein important for vulval induction, then a vulva should be
kinase and is used as a negative control. Only lacZ activity was
induced in animals expressing similar LIN-7 and LET-scored in the yeast three-hybrid experiments. The HIS3 reporter
23 types, but not different types. We determined levelsgene could not be scored, since the third plasmid expressing
of vulval induction in strains expressing each of theNLS:LIN-7 carried wild-type HIS3 as a selectable marker. N.T., not
tested. pairwise combinations of type I and type II LIN-7 with
type I and type II LET-23. In these experiments, both
types of LIN-7 and type II LET-23 were expressed from
their specificity for binding different peptide ligands an extrachromosomal array, whereas type I LET-23 was
(Songyang et al., 1997). In type I PDZ domains, the inter- expressed from the chromosome. We observed that
action is between a histidine in the PDZ domain (corre- transgenic animals expressing type I LIN-7 with type
sponding to position 259 in LIN-7) and a threonine or a I LET-23 showed high levels of vulval induction, that
serine in the bound peptide. In type II PDZ domains, a transgenic animals expressing different types showed
valine in the PDZ may interact with a tyrosine or phenyl- low levels of vulval induction, and that transgenic ani-
alanine in the bound peptide (Daniels et al., 1998). For mals expressing both type II LIN-7 and type II LET-23
example, LIN-7 has a type I PDZ domain (His-259) that showed relatively high levels of vulval induction (Figure
binds to the type I consensus sequence (T-C-L) at the 2D). These results provide compelling evidence that
C terminus of LET-23, and p55 has a type II PDZ domain LIN-7 binds to LET-23 in vulval precursor cells and that
(p55 contains a valine at the first residue of the ab helix) this binding is functionally important for basolateral re-
that binds to a type II consensus sequence (Y-F-I) at ceptor localization and vulval induction.
the C terminus of glycophorin C (Marfatia et al., 1997).
To generate compensatory mutations in LIN-7 and
LIN-2, LIN-7, and LIN-10 Interact in the YeastLET-23, we replaced His with Val at position 259 of LIN-7
Two-Hybrid Systemto change the binding specificity from a type I to a type
In addition to lin-7, two other genes (lin-2 and lin-10)II PDZ domain (we refer to this as type II LIN-7). Likewise,
are genetically required for basolateral localization ofwe replaced the last three amino acids of the type I C
LET-23 RTK (Simske et al., 1996; C. W. W., unpublishedterminus in LET-23 (T-C-L) with those of the type II C
data). One possibility is that LIN-2 and LIN-10 functionterminus from glycophorin C (Y-F-I) (we refer to this as
with LIN-7 as a protein complex that binds LET-23 RTK.type II LET-23).
We tested this possibility using the yeast two-hybridInitially, we wished to show that theamino acid substi-
system and discovered interactions between LIN-7 andtution altered the specificity of binding in vitro. We puri-
LIN-2 and between LIN-2 and LIN-10 (Figure 3). We didfied type I and type II LIN-7 PDZ domains as GST fusion
not observe any other yeast two-hybrid interactions;proteins coupled to glutathione-agarose beads. Then,
specifically, LET-23 did not interact with LIN-2 or LIN-we incubated the LIN-7 PDZ domains with purified 6His
10 and LIN-7 did not interact with LIN-10.fusion proteins containing either the type I or type II C
termini of LET-23. After Western blotting with anti-LET-
23 antibodies, we observed that the type I LIN-7 PDZ Coimmunoprecipitation of LIN-2, LIN-7,
and LIN-10 from S2 Cellsdomain could bind strongly to the type I LET-23 C termi-
nus but weakly to the type II C terminus. Furthermore, In order to investigate LIN-2, LIN-7, and LIN-10 bind-
ing interactions in vivo, we expressed these proteinsthe type II LIN-7 PDZ domain bound to the type II but
not to the type I LET-23 C terminus (Figure 2B). These in heterologous Drosophila Schneider (S2) cells and
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was incubated with the GST:LIN-7 fusion proteins bound
to glutathione-agarose beads. Levels of bound LIN-2
were detected by Western blotting using anti-LIN-2 anti-
bodies. Amino acids 109±295 of LIN-7 could bind LIN-2,
but amino acids 126±295 or the PDZ domain of LIN-7
could not bind LIN-2 (Figure 5A). Since the LIN-7 PDZ
domain fusion protein is functional and binds LET-23,
we infer from this data that LIN-2 binds to a region of
LIN-7 N-terminal to the PDZ domain.
LIN-2, LIN-7, and LET-23 Can Bind Simultaneously
in a Yeast Three-Hybrid System
Our results suggest that LIN-7 has two distinct binding
sites, since the PDZ domain of LIN-7 binds to LET-23
RTK and, presumably, a region N-terminal to the PDZ
of LIN-7 binds to LIN-2. To show that LET-23 and LIN-2
bind simultaneously to two distinct sites in LIN-7, we
employed a yeast three-hybrid system. In the yeast
three-hybrid system, we expressed a third protein
(LIN-7) in combination with the bait (LET-23) and prey
(LIN-2) fusion proteins. LIN-2 and LET-23 do not interact
in the yeast two-hybrid system, but an interaction was
Figure 4. Coimmunoprecipitation of LIN-2, LIN-7, and LIN-10 from observed with concomitant expression of LIN-7 (con-
S2 Cells
taining an SV40 nuclear localization signal) in these yeast
LIN-7 or LIN-10 was immunoprecipitated from Schneider S2 cell
(Figure 3). This interaction requires coexpression oflysates (IP antibody), and levels of coimmunoprecipitated LIN-2 or
LIN-2, LIN-7, and LET-23, since interactions were notLIN-7 were determined by Western blotting using anti-LIN-2 (top)
observed when LET-23 and LIN-2 were expressed with-or anti-LIN-7 antibodies (bottom). Amino acids present in the fusion
out LIN-7 or when LIN-2 and LIN-7 were expressed with-proteins are indicated in parentheses. LIN-10 or LIN-7 preimmune
sera were used as negative controls (pre-imm.). Total amounts of out LET-23. These results suggest that LET-23and LIN-2
LIN-2 or LIN-7 present in the cell extracts are shown (5% input). can bind simultaneously to distinct sites of LIN-7.
Defining the Regions of LIN-2 that Bindperformed coimmunoprecipitation studies. Cell lysates
to LIN-7 and to LIN-10were made from a stable S2 cell line that expresses
To map the region of LIN-2 that binds LIN-7, we firstLIN-2, LIN-7, and LIN-10, and LIN-7 was immunoprecipi-
expressed different portions of LIN-2 as 6His fusion pro-
tated with anti-LIN-7 antibodies or with preimmune sera
teins and determined whether they could bind to LIN-7
as a negative control. We found that LIN-2 specifically
in vitro. These experiments showed that amino acids
coimmunoprecipitated with LIN-7 by immunoblotting
298±542 of LIN-2 could bind to LIN-7 (Figure 5B). Next,
with anti-LIN-2 antibodies (Figure 4, lanes 3 and 7). In we found that a LIN-2 fragment containing amino acids
a similar manner, we immunoprecipitated LIN-10 from 428±961 coimmunoprecipitates with LIN-7 from S2 cell
the S2 cell extract with anti-LIN-10 antibodies and ob- lysates (Figure 5C). The combination of these in vitro
served that LIN-2 was able to coimmunoprecipitate spe- and in vivo results indicate that a region between the
cifically with LIN-10 (Figure 4, lane 1). These results CaM kinase/calmodulin±binding domain and the PDZ
indicate that LIN-7 binds to LIN-2 and that LIN-2 binds domain of LIN-2 (amino acids 428±542) binds to LIN-7.
to LIN-10 in vivo. Finally, we used the yeast two-hybrid system to map
To determine whether LIN-7 and LIN-10 can simulta- the regions of LIN-2 and LIN-10 that bind one another.
neously bind to LIN-2 to form a ternary complex, we We found that the N terminus of LIN-2 (amino acids
immunoprecipitated the complex with anti-LIN-10 anti- 1±643) interacts with LIN-10 (Figure 3). LIN-2 fragments
bodies. We observed that LIN-7 was present in the lacking the CaM kinase domain were unable to bind
complex by Western blotting with anti-LIN-7 antibodies LIN-10 but were able to bind LIN-7; specifically, amino
(Figure 4, lane 1). Furthermore, this coimmunoprecipita- acids 254±615 of LIN-2 failed to interact with LIN-10 in
tion was dependent on LIN-2 acting as an adaptor, as the yeast two-hybrid system, and amino acids 247±961
LIN-7 did not coimmunoprecipitate with LIN-10 in cells of LIN-2 did not coimmunoprecipitate with LIN-10 from
that express a truncated form of LIN-2 that does not S2 cells (Figures 3 and 4). Thus, LIN-10 likely binds to
bind LIN-10 (Figure 4, lane 5). These results indicate a region in the N-terminal 247 amino acids of LIN-2 that
that LIN-2, LIN-7, and LIN-10 can form a ternary complex contains the CaM kinase domain. We also found that
in vivo. the N terminus of LIN-10 (amino acids 1±581) interacts
with LIN-2 in the yeast two-hybrid system (Figure 3).
Identification of the Region of LIN-7
that Binds LIN-2 Mammalian LIN-2, LIN-7, and LIN-10 Form
We delineated the region of LIN-7 that binds to LIN-2 a Protein Complex
by generating a series of LIN-7 fusion proteins that con- Previous work showed that mammalian CASK and Mint/
tained successively larger N-terminal truncations. A X11 are highly similar to worm LIN-2 and LIN-10, respec-
tively (Hata et al., 1996; Okamoto and Sudhof, 1997;Cos7 cell lysate containing LIN-2 (amino acids 247±961)
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Figure 5. Delineation of the Region of LIN-2 that Binds to LIN-7
Top gels show levels of bound LIN-2 or human Lin2/CASK protein using immunoblotting with either anti-LIN-2 or anti-6His antibodies. Bottom
gels are loading controls showing levels of GST fusion proteins, using anti-GST antibodies. Amino acids present in fusion proteins are shown.
Ten percent of total protein present in the cell extract is shown.
(A) Cos7 cell lysate containing LIN-2 (amino acids 247±961) was incubated with purified GST:LIN-7 fusion proteins bound to glutathione-
agarose beads.
(B) Purified 6His:LIN-2 fusion proteins were incubated with purified GST:LIN-7 fusion proteins coupled to glutathione-agarose beads.
(C) N-terminally truncated LIN-2 proteins were analyzed for their ability to coimmunoprecipitate with LIN-7 or preimmune sera (p.i.) in S2 cell
lysates.
(D) Human Lin2/CASK binds to mouse Lin7 in vitro. Purified 6His:human Lin2/CASK was incubated with purified GST:mouse Lin7 fusion
proteins coupled to glutathione-agarose beads.
Cohen et al., 1998). Here, we report three mammalian Work from others demonstrates that mammalian Lin2/
genes that are highly similar to worm lin-7. Public data- CASK binds to mammalian Lin10/Mint/X11 (J.-P. Borg,
bases of cDNA clones currently contain three mouse personal communication; Butz et al., 1998). Together
clones predicted to encode proteins similar to worm with our results, these data indicate that Lin2/CASK,
LIN-7 (I.M.A.G.E. clones 391220, 870825, and 779032), mLIN-7, and Lin10/Mint/X11 form a ternary protein com-
and we named these proteins mLin7A (amino acid se- plex in mammals. The high degree of amino acid se-
quence is 73% identical to worm LIN-7), mLin7B (73% quence conservation, the conserved protein interac-
identical), and mLin7C (63% identical), respectively. tions, and the clear role in basolateral localization in
We tested whether the protein interaction between worms indicates that the mammalian Lin2/Lin7/Lin10
LIN-2 and LIN-7 is conserved in mammals by analyzing ternary complex may play a role in basolateral localiza-
whether human Lin2/CASK binds to mouse Lin7A. We tion of transmembrane proteins in polarized epithelial
purified human Lin2/CASK as a hexahistidine fusion pro- cells.
tein and incubated it with mouse GST:Lin7A fusion pro-
teins bound to glutathione-agarose beads. We deter-
Discussionmined the levels of bound human Lin2/CASK using
Western blotswith anti-6Hisantibodies. This experiment
lin-2, lin-7, and lin-10 are required for basolateral local-showed that human Lin2/CASK binds to full-length
ization of LET-23 RTK, since mutations in lin-2, lin-7, ormouse Lin7A, but not to the PDZ domain (Figure 5D).
lin-10 result in mislocalization of LET-23 RTK to theFurthermore, we found that human Lin2/CASK could
apical membrane domain and cause a vulvaless pheno-bind to worm LIN-7 in vitro. These results demonstrate
type. Our work suggests that the mechanism of basolat-that the binding interaction between LIN-2 and LIN-7 is
eral localization of LET-23 RTK involves formation of aconserved, not only between mammalian homologs, but
LIN-2/LIN-7/LIN-10 ternary complex that directly bindsalso between proteins derived from animals as distantly
related as mammals and worms. to the C terminus of LET-23 RTK (Figure 6). In this protein
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Thus, the protein±protein interactions in this complex
are conserved from worms to mammals, strongly sup-
porting the idea that these protein interactions are func-
tionally important. Our work in C. elegans clearly shows
that this complex functions in basolateral localization
of a transmembrane protein, indicating that this complex
may have a similar function in mammalian polarized
epithelia. Interestingly, the human EGF receptor (HER-4)
contains a type I PDZ-binding site, yet we were unable
to detect binding between HER-4 and mLin7A (data not
shown).
There are likely to be additional proteins not yet identi-
fied that bind to the LIN-2/LIN-7/LIN-10 protein complex
in C. elegans, since LIN-2 and LIN-10 can potentially
bind other proteins via their SH3, PDZ, and PTB do-
mains. These domains may bind to proteins that localize
the LIN-2/LIN-7/LIN-10 complex within the cell or that
regulate the function of this complex in receptor local-
Figure 6. Model for Basolateral Localization of LET-23 RTK by the ization.
LIN-2/LIN-7/LIN-10 Protein Complex
(A) The C terminus of LET-23 binds to the PDZ domain of LIN-7, an
internal region of LIN-7 binds to an internal region of LIN-2, and the
Specificity of Function of theCaM kinase domain of LIN-2 binds to an N-terminal region of LIN-10.
LIN-2/LIN-7/LIN-10 Complex(B) Localization of LET-23 RTK to the basolateral membrane of the
vulval precursor cells by the LIN-2/LIN-7/LIN-10 protein complex. lin-2, lin-7, and lin-10 do not have a general role in the
organization of the polarized cytoarchitecture of vulval
precursor cells, but rather seem to be involved in the
complex, LIN-10 binds to LIN-2, LIN-2 binds to LIN-7, basolateral localization of LET-23 RTK specifically. In
and LIN-7 binds to LET-23 RTK. lin-2, lin-7, or lin-10 mutants, the cell junctions are intact
A combination of genetic and biochemical data (as determined by staining with the MH27 cell junctional
strongly support the model presented in Figure 6. First, marker) and there are no obvious defects in the basal
expression of lin-2, lin-7, lin-10, and let-23 are required basement membrane or the apical cuticle (as deter-
in the vulval precursor cells for vulval development (Sim- mined by observation using Nomarski optics). These
ske and Kim, 1995; Hoskins et al., 1996; Simske et al.,
observations suggest that the apical and basolateral
1996; C. W. W., unpublished data), indicating that LIN-2,
membrane compartments of the vulval precursor cells
LIN-7, LIN-10, and LET-23 RTK are each present to form
in lin-2, lin-7, and lin-10 mutants remain functionally
a protein complex in the vulval precursor cells during
distinct, since components of the extracellular matrix
vulval induction. Second, the sy1 mutation in let-23 (that
are basolaterally secreted and components of the cuti-
deletes the LIN-7-binding site on LET-23) or mutations
cle areapically secreted. Thus, basolateral targeting and
that eliminate lin-2, lin-7, or lin-10 activity each cause
secretion of proteins other than LET-23 occurs correctlymislocalization of LET-23 RTK and result in a highly
in lin-2, lin-7, and lin-10 mutants, indicating that theypenetrant vulvaless phenotype (Aroian et al., 1994).
are targeted by a different biochemical mechanism thanThese results indicate that these genes and this binding
theone studied here. Sequence comparisons of basolat-site have a similar or identical cellular function. Third,
eral targeting signals from different mammalian proteinsLIN-2, LIN-7, and LET-23 can directly bind to each other
reveal that there are several types of sequence motifs,in vitro, and LIN-2, LIN-7, and LIN-10 coimmunoprecipi-
implying that there are multiple basolateral targetingtate when expressed in S2 cells in vivo.
mechanisms employing different trans-acting proteinsFourth, we altered the C terminus of LET-23 so that
that can bind to these sequences (reviewed in Mellman,it could not bind to wild-type LIN-7 and then altered
1995).LIN-7 with a compensatory mutation that restored LET-
When the LIN-2/LIN-7/LIN-10 protein complex is de-23 binding in vitro. We showed that these compensatory
fective, it is interesting that LET-23 RTK becomesmutations in let-23 and lin-7 exhibit allele-specific sup-
apical rather than diffusely expressed over the entirepression of both the apical receptor mislocalization and
plasma membrane. Individual transmembrane proteinsthe vulvaless phenotypes. These results provide com-
may have apical targeting signals, such as N-linkedpelling evidence that LIN-7 directly binds to LET-23 RTK
glycosylation, as well as basolateral sorting signalsin vulval precursor cells and that this binding is function-
(Scheiffele et al., 1995). In several cases, the basolat-ally required for basolateral distribution of LET-23 and
eral sorting signal appears to be dominant so that thevulval signaling.
transmembrane protein is predominantly basolateral,Finally, worm LIN-2, LIN-7, and LIN-10 are highly simi-
but becomes predominantly apical when the basolaterallar to mammalian Lin2/CASK, mLin7 proteins, and Mint/
sorting sequence is mutatedor deleted (Matterand Mell-X11 proteins, respectively. The mammalian proteins also
man, 1994). In a similar manner, LET-23 RTK may alsoform a ternary complex in which Lin10/Mint1/X11a binds
have an apical targeting motif that functions in the ab-to Lin2/CASK and Lin2/CASK binds to mLin7 (Figure 5;
J.-P. Borg, personal communication; Butz et al., 1998). sence of basolateral targeting by LIN-2/LIN-7/LIN-10.
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Common Receptor Localization Mechanisms the LIN-2/LIN-7/LIN-10 complex could then bind and
retain transmembrane proteins, such as LET-23 RTK, toin Epithelia and Neurons
Both neurons and epithelia are polarized cells and must the basolateral membrane domain. Selective membrane
retention may account for the basolateral localizationlocalize transmembrane proteins to distinct regions on
their cell surfaces (reviewed in Rodriguez and Powell, of cadherins and the Na/K±ATPase in epithelia (Mays et
al., 1995).1992). Polarized epithelial cells localize distinct trans-
membrane proteins to either the apical or basolateral A similar model may account for synaptic localiza-
tion of neurotransmitter receptors. Lin2/CASK binds tomembrane domains, and neurons localize proteins re-
quired for synaptic transmission to pre- and postsynap- neurexin 1b and PSD-95 binds to neuroligins (Hata et
al., 1996; Irie et al., 1997). Neurexins are neuronal trans-tic sites. Transmembrane proteins that are localized to
the basolateral membranes in epithelia are localized to membrane proteins present at presynaptic sites that
form intercellular junctions by binding to neuroligins atthe dendrites when expressed in neurons, suggesting
that similar machinery may be used to localize these postsynaptic sites (Nguyen and Sudhof, 1997). Immuno-
gold electron microscopy revealed that Lin2/CASK isproteins to distinct membrane compartments in these
two cell types (Dotti and Simons, 1990; Jareb and present at both presynaptic and postsynaptic sites
(Hsueh et al., 1998). These binding interactions may an-Banker, 1998).
Our work and recent work from others illustrate that chor Lin2/CASK (as well as mLin7 and Lin10/Mint/X11)
to presynaptic sites and PSD-95 to postsynaptic sites.the LIN-2/LIN-7/LIN-10 complex may be used for localiz-
ing transmembrane proteins to specific sites of the Once anchored, the LIN-2/LIN-7/LIN-10 protein com-
plex or PSD-95 could cluster or retain neurotransmitterplasma membrane in both neurons and epithelia. First,
LIN-10 localizes the glutamate receptor GLR-1 to neu- receptors at the synapse. It has been proposed that
Dlg acts to cluster or selectively retain the Shaker K1ronal synapses in C. elegans. In lin-10 mutants, GLR-1
is not localized to the synapses, and the animals are channel at neuromuscular synapses in Drosophila (Zito
et al., 1997).touch insensitive (indicative of a defect in glr-1 function)
(Rongo et al., 1998 [this issue of Cell]). Second, Discs- Another possible model is that LIN-2/LIN-7/LIN-10
could function in polarized secretion and could targetlarge (Dlg) and PSD-95 are two MAGUKs related to
LIN-2, and both have been implicated in localizing or transmembrane proteins for the basolateral membrane
domain of epithelia or to the synapses of neurons. Mam-clusteringof neurotransmitter receptors at synapses (re-
viewed in Sheng, 1996; Zito et al., 1997). Third, mamma- malian Lin10/Mints bind to the Munc18/syntaxin 1 pro-
tein complex, which is involved in regulating secretorylian Lin2/CASK, mLin7, and mammalian Lin10/Mint/X11
are expressed in neurons and form a ternary protein vesicle docking and fusion (Okamoto and Sudhof, 1997).
Although the function of this protein±protein interactioncomplex (Butz et al., 1998; J.-P. Borg, personal commu-
nication). This result suggests that this protein complex is not known, Lin10/Mints could possibly specify which
proteins are sorted to basolateral secretory vesicles ormay function in receptor localization in neurons, as it
does in epithelia. In summary, there appears to be a they could be involved in the docking and fusion of
secretory vesicles with the basolateral plasma mem-common mechanism of receptor localization in neurons
and epithelia that involves LIN-10, MAGUKs (such as brane.
LIN-2, DlgA, and PSD-95), and possibly LIN-7 as well.
Experimental ProceduresFurthermore, this mechanism of protein targeting has
been conserved from worms to mammals.
General Methods and Strains
Standard methods were used to culture C. elegans (variety Bristol
strain N2) at 208C (Wood, 1988). The following mutant alleles were
Possible Mechanisms of Protein Localization used: linkage group I (LGI), unc-29(e1072) (Wood, 1988); LGII, let-
by the LIN-2/LIN-7/LIN-10 Complex 23(sy1) (Aroian and Sternberg, 1991) and lin-7(e1449) (Ferguson and
Horvitz, 1985); LGV, him-5(e1490) (Wood, 1988).How might the LIN-2/LIN-7/LIN-10 complex localize
transmembrane proteins in polarized cells? One possi-
Molecular Biologyble model is that this complex acts to selectively retain
LIN-7 (amino acids 1±295, 92±295, 109±295, 126±295, and 192±295),proteins on the basolateral membrane domain of epithe-
mLin7A (1±207 and 85±207), and LIN-31 (1±190) were expressed in
lial cells, perhaps by limiting endocytosis and recycling bacteria as GST fusion proteins from plasmids pGEX-1, pGEX-2T,
of these proteins from the membrane. Lin2/CASK binds or pGEX-3X (Smith and Johnson, 1988). LIN-2 (298±615, 298±542,
and 298±457), hLin2/CASK (287±565), and LET-23 (1127±1323,to syndecans in mammalian epithelia and neurons and
1127±1317, and 1274±1323) were expressed as bacterial hexahisti-has been shown to bind to the actin-binding protein 4.1
dine fusion proteins from plasmids pTrcHis-A, -B, or -C (Invitrogen).in vitro (Cohen et al., 1998; Hsueh et al., 1998). Synde-
LIN-2 (247±961) was expressed in Cos7 cells from plasmid pCMVcans are basolaterally expressed transmembrane pro-
(gift of A. Hajnal). LIN-2 (1±961, 247±961, or 428±961), LIN-7 (1±297),
teins that bind heparin in the extracellular matrix of epi- and LIN-10 (1±955) were expressed in S2 cells from plasmid pMK33
thelia (reviewed in Bernfield et al., 1992). The functional (Koelle et al., 1991). More details about plasmid construction are at
http://cmgm.Stanford.edu/zkimlab.significance of the binding interactions between Lin2/
CASK and either syndecan or protein 4.1 are not known.
Germline TransformationHowever, it is possible that binding to syndecan directs
Germline transformants were obtained by standard DNA microinjec-Lin2/CASK to the basolateral membrane of epithelia and
tion as previously described (Simske et al., 1996). Concentrations
that the interaction with protein 4.1 then tethers Lin2/ of DNA used: type II let-23 (pK713.8-YFI,4 mg/ml), unc-29(1) (F35D3,
CASK to the actin cytoskeleton. Once anchored to the 60±80 mg/ml), col-10:GFP (pP09, 80 mg/ml, gift of G. Ruvkun), type
I lin-7 (pJS149, 200 mg/ml), type II lin-7 (pJS149 H259V, 200 mg/ml).basolateral membranes by syndecan and protein 4.1,
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lin-7(e1449), let-23(sy1); unc-29(e1072); him-5(e1490) (strain SD729) are grateful to A. Golden for providing LET-23; C. Ying for purifying
LET-23 antibodies; P. Tan for GST:LIN-31 fusion protein; A. Cohenanimals were injected with either type II let-23 and unc-29(1), pP09
for hLin2 clones; A. Villeneuve for assistance with a dissecting fluo-and type I lin-7, or pP09 and type II lin-7. Transgenic animals ex-
rescence microscope; and K. Suyama for assistance with the confo-pressing type II let-23 are non-Unc, and those expressing lin-7 are
cal microscope. Some strains were provided by the Caenorhabditisgreen.
Genetics Center, which is funded by the NIH National Center for
Research Resources. This work was supported by grants from theYeast Two-Hybrid and Three-Hybrid Experiments
NIH and NCI. S. M. K. was supported by an NSF predoctoral fel-All yeast methods wereperformed as described (Simske et al., 1996).
lowship.LET-23 (873±1323), LIN-2 (1±643 and 254±615), and LIN-7 (1±295)
were expressed from pAS1 and LIN-2 (298±756); LIN-10 (1±955 and
Received June 15, 1998; revised August 6, 1998.1±581) and LIN-7 (1±295) were expressed from pACT (gift of S.
Elledge). In the yeast three-hybrid, lin-7 cDNA was fused to the SV40
Referencesnuclear localization signal (PKKKRK) and was expressed from a
modified version of pTS422 (gift of T. Doyle) where URA3 was re-
Aroian, R.V., and Sternberg, P.W. (1991). Multiple functions of let-placed with HIS3.
23, a Caenorhabditis elegans receptor tyrosine kinase gene required
for vulval induction. Genetics 128, 251±267.Cell Transfection and Culture
Aroian, R.V., Lesa, G.M., and Sternberg, P.W. (1994). Mutations inDrosophila Schneider S2 cells were transfected using calcium phos-
the Caenorhabditis elegans let-23 EGFR-like gene define elementsphate (Krasnow et al., 1989). Stable lines were selected in 100 mg/ml
important for cell-type specificity and function. EMBO J. 13,Hygromycin B (Sigma). Cos7 cells were transiently transfected in
360±366.60 mm dishes with 3±6 mg DNA using lipofectamine (GIBCO-BRL).
Cells were lysed 48 hr after transfection in 1 ml of binding buffer Bernfield, M., Kokenyesi, R., Kato, M.,Hinkes, M.T., Spring, J., Gallo,
(150 mM NaCl, 25 mM Tris-HCl [pH 7.5], 1 mM MgCl2, 0.2% NP40, R.L., and Lose, E.J. (1992). Biology of the syndecans: a family of
and 13 protease inhibitor cocktail [Pharmingen]). Cell debris was transmembrane heparan sulfate proteoglycans. Annu. Rev. Cell Biol.
removed by centrifugation (3000 rpm in an Eppendorf microcentri- 8, 365±393.
fuge for 5 min). Butz, S., Okamoto, M., and SuÈ dhof, T.C. (1998). A tripartite protein
complex with the potential to couple synaptic vesicle exocytosis to
In Vitro Binding Assays cell adhesion in brain. Cell 94, this issue, 773±782.
GST fusion proteins were purified on glutathione-agarose beads in Cabral, J.H., Petosa, C., Sutcliffe, M.J., Raza, S., Byron, O., Poy, F.,
5 mM DTT as described (Simske et al., 1996). 6His:LET-23 and Marfatia, S.M., Chishti, A.H., and Liddington, R.C. (1996). Crystal
6His:LIN-2 fusion proteins were purified native (for LET-23) or structure of a PDZ domain. Nature 382, 649±652.
denatured (for LIN-2) on Ni21-charged agarose beads as described
Cohen, A.R., Woods, D.F., Marfatia, S.M., Walther, Z., Chishti, A.H.,(Janknecht et al., 1991). 6His:LIN-2 proteins were renatured in suc-
and Anderson, J.M. (1998). Human CASK/LIN-2 binds syndecan-2cessive washes in 4 M, 2 M, and 1 M guanidine±HCl diluted in 13
and protein 4.1 in epithelial cells potentially coordinating a functionalPBS, 150 mM NaCl, and 0.5% Triton X-100. 6His fusion proteins
link between the extracellular matrix and the actin cytoskeleton. J.were eluted in 1 M imidazole and dialyzed in PBS 1 10% glycerol.
Cell Biol. 142, 129±138.Sf9 cell lysates were prepared as described (Simske et al., 1996),
Daniels, D.L., Cohen, A.R., Anderson, J.M., and Brunger, A.T. (1998).and 10±25 ml of the Cos7 cell lysates were used in binding assays.
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basis of class II PDZ domain target recognition. Nat. Struct. Biol. 5,mixed with 1 mg GST:LIN-7 fusion proteins in binding buffer in a
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Dotti, C.G., andSimons, K. (1990). Polarizedsorting of viral glycopro-1996). Proteins were detected by Western blotting with anti-Xpress
teins to the axon and dendrites of hippocampal neurons in culture.antibodies for hexahistidine fusions (1:5000 dilution, Invitrogen),
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